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ABSTRACT

A study by numerical simulation of the performance of a mu.ltifacet metal
mirror ring resonator FEL is presented for several XUV wavelengths. Laser
performance in the presence of mirror aberrations and thermal distortion is
calculated for two different output coupling methods, a scraper mirror and
a hole.

1. Introduction.

Our previous theoretical work (see [1] and other references therein) haa explored thr

elect ron bmrn quality, mirror reflect ivit.y, and wiggler magnet properties nmclccl for an

~lJv frm.elcctroIl l=r (FEL) ~sci~ator, A ring resonator based on multifaced metal

mirrors has bmn proposed and studied [1] in thc context of estimates of availal.dc electron

beam quality made morr than two years ago. More detailed accelerator modeling hm~

been rectmt.ly dcmr [2] which is partially t.mw+dupon an improved undemanding of thr

opt imum bciun trmsport mmdit ions for the special kind of electron beam generated by

a photocathodc injwtor [3, 4]. Wc usc tlw beam quality calculated in [2] with updutrd

mtiruatm of avail~lIlr minor rrfktivitics to predict the pcrforrmume of XUV oscillators at.

four diffmmt wavrlmlgt hs:

schmncs srr cmmidrrwl in

in one of the rnchd mirror

107 run, 50 nm, 12 nm, and 4 nm. Two alternative outcoupling

these ~tudirs: n scraper in thr bd leg of the ring, and a holr

facrt!i.
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we limit ourselves to tbird order spherical aberration only. We extine possible approaches

to compensate f’or the deleterious effects of such abcrraticms.

A particularly importar:t source of optical aberration in these devices may be thermal

distortion of the mirrors clue to the high incident optical flux levels and the large mirror

absorption coefficients at short wavelengths. We give results of a preliminary study of the

effects of the thermal distortion of the mirrors on the operation of these XU\’ FELs.

11 Simulations of XUV FEL Performance.

A schematic la:’out of :he ring optical resonator used in all of the simulations is shown

in Fig. 1. The rescnator consists of two multifaced metal end mirrors [5] separated by a

distance of about 2!].5 m. Each mirror has 6 facets, 5 of which are flats and one of which

is paraboloidal. The curved elements are the second elements of two beam expansion

telescopes in which two grazing angle-of-incidence reflectors, each located 10 m from the

cer.ter of the wiggler w?hich is placed in the bottom leg of the resonntor as shown in Fig.

1, are the other elements. The curvatures of the paraboloids carI be varied to vary thr

Rayleigh range of the lowest order empty cavity Gaussian mode. The Rayleigh rangr

is typically chose;l to Iw about one-half of the wiggler’s length. The wiggler’s kmgt h

varies with tll~ optical wavelcngtl) in thr four crwes studied, as does the reflectivity;’ of

the mult ifacct mirrors, Recently, the expected increase in reflectivity with large angles

of incidence hws been confirmed cxpcrirncntally [6]. Out coupling from the resomitor is

accom~)lishml either with a scraper mirror placed jn the middle of the back leg, or with

a bolt’ phiced in thr first flint mirror of thr downstrm.rn rcfktor. The round trip opt ir}i.1

path length in the uIIlonded rcwonntor is almost exactly 60 m; the width of the rcsoIltitor

is 1,37 m and is not drawn to sca]r in Fig. 1,

The lmwr pcrformancr wa.. rva.luatrd with the 3-D F-EL sirxulation code FELEX [7,

8, 9]. Th(* 3-D motion of electrons in thr wiggler – including ener~y sprrad and fhiite

transvcrsr cmittancc -- is included in FELEX, M is the diffraction of light., The code (loos”

not do thr full 3-D trentment of reflections from n(}:~l]ormd-incitletlc(~ rnirr~ws; rnthrx, tll(,

os}t ica.1rlmmmtfi tmr tre~tcd as tilill lcrlww. AH cakulation~ arc for a RiIqrjr wavr frox~t, i.e,
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However, the possibility of higher power due to the development of the sideband instabdity

must be considered for any device with a sufficiently large small-signal gain to cavity loss

ratio. All quoted results are steady-state values from multiple-pass, self-consistent, full-

resonator solutions,

The electron beam parameters are taken from [2]. We have actually used beam quality

values 50%, less than those of [2] for the 100 nm and. 50 m cases; we used the full values

for the 12 nm case. For the 4 nm case, an electron beam which approaches the highest

quality conceivable from a photocathode/linac system was needed. This case should be

regarded as more speculative than the other three cases in which the beam quality was

obtained from very complete simulations of the accelerator in [2].

All of the oscillators considered in this stud:: use the same basic type of wiggler,

but in different lengths according to the required gain. The basic wiggler parameters

are: wavelength AU,= 1,6 cm; magnetic field strength BU, = 0.75 T; dimensionless vector

potential au, = 1.12; and cul-ved pole faces for two-plane focusing.

(A). Results for the 100 run Oscil.later

The electron bcarn parameters arc: mean energy 184,46 Mcv (7 = 361.685); peak cur-

rent I = 300 A; fractional enmgy spread A~/y = O.1559to;and “90?ZO”normalized transverse

CIx)ittanm’ c“ = 31 n mm-m, Thr reflrctanre of each multifaced metal mirror is 90%. The

empty cavity Raylrigh range is 1.5 m. The wiggler length is Lu, = 3 m. Thr threshold

gtiin (from mirror refh’ctivity losses done) is 1.28.

The calculated results am: rnaximuln smsll-sigrm.l g~n of 11,21 at an optical wav(l-

lrngt 11 A = 100.05 mn. Th(* steady-stnte power output was ca.lculatt’d for various scmprr

and hole sizes for outcc,upling. Maximum olt.put power WWIfound to Ix 58 MW with a

Kraper of radius 0,575 cm, Lowrr out~ut powers were obtained with hole coupling br

cI\I’,se the holr cau,wd tlw optical mode to diverge through the wiggler and thus to br

ccr,sideral)ly larger than t}w optical spot in tho wiggler using thr scrfqwr mirror.

(E?1, Results for the !50 nm oscillator.

The m.rrw t-lrctr(m hram parvunrtrrs, cxccpt a diffe.rent enrrgy, were uwvi for this cww

a.%for thr 100 nm oscillator:

0155(X; f,, ‘= 31 ‘n 111111-1111’.
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empty cavity Rayleigh range is 2 m. The wiggler length is LW = 5 m. The threshold gain

is 2.1163.

The maximum small-signal gain was found to be 12.0 at A = 49.96 nm. A maximum

ou!put power of 21.5 MW was found with hole coupling using a hole of radius 0.225 cm.

Scraper mimer output did not exceed 14.5 MW for any scraper mimer radius.

(C). Results for the 12 nm Oscillator.

The electron beam parameters are: mean energy 534.3 Mev (-y = 1045.62); I = 300

A; 6~/7 = 0.1%; cm = 23.4 T mm - mr. Tile reflectance of each multifaced metal mirror is

60%. The empty cavity Rayleigh range is 5 m. The wiggler length is LW = 12 m, and the

threshold gain is 2.88.

A muimum small-signal gain of 14.04 at A = 11.94 nm was cxdcuhded. A steady-state

maximum output power of 9.5 h4W was achieved with hole coupling and a hole radius of

0.0578 cm.

(D). Results for the 4 nrn Oscillator.

The electron beam parameters are: mean energy 919.8 Mev (? = 1800); I = 400 A;

A~/~ = 0.1%’; f,, = 10 n mm - mr. These values are at the upper bound of concei~able beam

quality from a photocathodc/linac system. The reflectance of each rnultifacet metal mirror

is 35’%: this value reflects theoretical projections using material constants for a multilayt’r

diektric, but as yet meawrcd values have not exceeded about 20’%. The empty cavity

Raykigh rwqy in t!)e simidation is 6 m, and the wiggler length is L,,, = 12 m. These

pa.wmrtms give a threshold gain of S.465.

The simultitions produced a maximum smdl-sigmd gain of 14.3 at J = 4.026 run, A

maximunl power output of 4.89 MW was found with hole coupling and a hole radius of

0.0263 CII1.

111. Effects of Spherical Aberration on the Performance of XUV FELs,

We havr introduced third order spherical aberration into the pha..r front of the Iiglit

vifi the Zernikc polynomial [10] Z 13 in the following way: the optical phase # is written w+

4 = #0 + (27r0/J) 213, whrrc n is the magnitudr of thr abmrntion in waves and 213 =

6p4 –(lpz + ! . Herr p = r/r,,, whrrc r,, is ~ “normalization radius” which dcfinm tiw uctuu]

rndial scak ~)f tlw dwrrnti(~l], J4:c calculatr(] thr rffmts of intr(ducillg t.hcAmrtdioxl (~llly
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at the first paraboloida.1 facet of the downstream multifaced reflector. T’his is the sixth

facet of that mirror in the direction of propagation of the light. All Gther optical elements

of the resonator were taken to be ideal.

We have reached the following two conclusions: (1) The scale size rn is crucial; if r.

is much larger than the optical spot size on the paraboloida.1 facet, the magnitude of the

aberration is small over the optical beam radius and the effects are small. We calculated

for the 50 nm oscillator that, for a = 0.5 A and r. = 4 cm, the output power was reduced

by one half relative to the unaberrated case. For r. = 2.46 cm, which is three times the

optical spot size in the unaberrated case, the output power WM reduced by a factor of 0.15.

(2) For r. = three times the unaberrated spot size, we found for all f~ur X’JV wavelengths

of this study that an amplitude of 0.2~ reduced the output by a few percent, 0,5A reduced

the out put by a large factor (70$Z0-65%), and 1,OA prevented k+er action entirely.

The above resu!ts were obtained by putting various amounts of aberration into the

wave front. One might expect that cm could make changes to various elements of the

resonator to attempt to compensate for the presence of the aberration, We report here the

results of such attempts. Since one effect of the aberrated mirror is to increase vignetting

losses, we reduced the outcoupling in an attempt to recover the ideal system total cavity

loss. We found a small improvement in the case of 0.5A of sphmica! aberration but this

rncthod did not succeed at all with 1,OA of sphericel abmration,

Wc therl tried to compensate for the aberration by refocusing the curved mirrors

according to the following strategy: the radiu~ of curvature of the first paraboloid was

changed so as to recover, approxim~tely, the same spot size on the second pamboloid as in

the urmbmrated case; the curvature of the second paraboloid waa changed so as to recovrr,

approximately, the same Raylcigh rtmgr of the light after reflection from that mirror as in

the unaberratml ca~c. We found thnt this scheme worked well for a modest aberration ( (I,6A

with rn = 4 cm for the 50 nm of,cillntor) in the sense thmt almost the full power output of

the unnbcrrtitcd cam was rrcov~.rml in stmdy-state, We have yet to try to compensate for

the ah-ration by leaving the radii of curvatures of the paraboloids unchan~cd but slightly

moving their positions w) M to accmnplisll the SMIN*beam wlj~istment.ti of the stratqqy, WV

bclicvf’ thnt this will Smwr to br n successfld mrt,hwl of atxrration conliwnsnt,ion as well,
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Note that the magnitudes of spherical aberration inthisdiscussion areadded to the

phase front of the light after reflection from a mirror at oblique angles of incidence. The

relationship of these magnitudes to errors on the mirror surface involves various functions

of the angle of incidence [11].

IY. Preliminary Results on the Effects of Thermal Distortion.

In the examples studied in Sec. II, the mirrors’ absorption coefficient is approximately

one minus the reflect ivit y. The absorption per facet ranges from 1.7470 to 16%. Because

these figures are very large, nonuniform heating of the mirrors by the nonuniform incident

optical flux may be substantial: the resulting surface distortion will also distort any light

reflected by the surface. Thermal distortion of the mirrors is expected to be a potentially

serious problem for XIJV lasers.

Thermal dktortion of silicon mirrors subjected to a fixed incident optical flux is

preseut]y being calculated by R. D. McFarland, J. H. Vernon, and M. E. Marshall at

Los Alamos. Calculations have been performed for the 12 nm oscillator assuming an

axially-symmetric opt ical beam of specified intensity incident on the mirror. The non-

norrnal incidence of the real multifaced mirror is not an axially symmetric problem, but,

as a first attempt, it has been approximated by averaging the power absorbed from an

elliptical footprint over a circulax spot. The thermal calculations assume a Gaussian ab-

sorbed intensity distribution on the mirror, and they produce as results plots of the vertical

displacement, d, of the mirror surface as a function of radius. The displacement function

(2d/A) is then expanded in a series of Zernike polynomials, and so introduced into FELEX.

We have reached the following qualitative conclusions from a preliminary study of this

problcm: (1) The radial scale size is always about the same as the incident optical spot

size (significmt lateral spreading does not occur); (2) It appears that any coefficient in the

Zernikr expansion must be smaller than 0.5A (in the reflected wave front, not thr surface

figure) in order not to extinguish the laser; (3) Increasing t.hc number of mirror facets

may be an effective way to reduce the absorbed power and, hence, the thermal distortion

effects.

V. !hmnary and Conclusions,

We havr calrulatml the out]mt power of FEL otwillator:: at four X(JV wavelengths usil)g
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electron-beam and mirror reflectivity data believed to be achievable at this time. Steady-

state peak out put powers, from multiple-pass, self-consist ent, resonator simulations using

the code FELEX, were found to be: 58 MW at 100 nm, 21,5 MW at 50 nm, 9.5 MW at

12 nm, and 4.9 MW at 4 nm.

We have made a preliminary study of the effect of third-order spherical aberration on

one of the paraboloidal mirrors of the ring resonator. In general, 0.5A reduces the output

very substantially, and 1.OA extinguishes the laser totally. These aberration magnitudes are

in the phase front of the wave normal to the direction of propagation; defects on the mirror

surface which lead to this aberration are reduced in their effect on the wave by the cosine of

the angle of incidence (here, 75 degrees). We have proposed a mode-matching technique,

by either recurving or repositioning the mirrors. to compensate for the aberration and

restore the performance to the unaberrated level.

We have started to study the effects of thermal distortion of the mirrors due to the

large abso~ption of XUV mirrors. Thermal expansion calculations have been done to pre-

dict surface distortion, and that distortion has been included in FELEX m phase front

distortion. These effects, which may be particularly serious at the s’,lorter optical wave-

lengths, might be substantially reduced by increasing the number of facets of the multifaced

metal retroreflector mirrors.
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